The elucidation of the architecture of the ribosome and the understanding of its biological activity in molecular terms require detailed structural knowledge of the individual components. Large progress has been made in the study of the ribosomal subunits of Escherichia coli: the primary structure of most of the constituents has been determined and their topological arrangement has been largely elucidated. Various enzymatic processes have been localized in specific domains of the complex (see ref. 1 for an extensive review). Knowledge of the eukaryotic ribosome is much less advanced. Recently, the small subunit rRNA of yeast (2) and Xenopus laevis (3) have been sequenced. We undertook the sequence analysis of the large
INTRODUCTION
The elucidation of the architecture of the ribosome and the understanding of its biological activity in molecular terms require detailed structural knowledge of the individual components. Large progress has been made in the study of the ribosomal subunits of Escherichia coli: the primary structure of most of the constituents has been determined and their topological arrangement has been largely elucidated. Various enzymatic processes have been localized in specific domains of the complex (see ref. 1 for an extensive review). Knowledge of the eukaryotic ribosome is much less advanced. Recently, the small subunit rRNA of yeast (2) and Xenopus laevis (3) have been sequenced. We undertook the sequence analysis of the large subunit rRNA of yeast because the knowledge of this sequence is important for several reasons: a) to get an insight into the evolution of the rRNA genes, in particular into the possible mechanism of the 'expansion' of the large subunit rRNA Tn eukaryotes; b) to enable the location of post-transcriptionally modified nucleotides; c) to support models for the secondary structure of the large subunit rRNA by looking for compensating base pair changes in double-stranded regions, and d) to permit a study of the topography of the large ribosomal subunit and the sites of interaction between the various constituents.
In this paper we present the f u l l sequence of the 26S rRNA of Saccharomyces carlsbergensis and a model for i t s secondary structure. In addition, we located 30 of the 43 methyl groups in the 26S rRNA sequence.
MATERIALS AND METHODS Isolation of DNA and DNA fragments
We used the hybrid plasmids pMYl and pMY60 which contain the large HindlH fragment (cf. Fig. 1 ) and the f u l l repeating unit of £. carlsbergensis rDNA, respectively, in the HjmdIII s i t e of pBR322 (4) . Plasmid DNA was isolated from E_. coli K12 cells by the clear lysate method (5). The procedures for digestion of the DNA with r e s t r i c t i o n enzymes and the isolation of DNA fragments have been described previously (6) .
DNA sequence analysis
32 DNA fragments were labelled at their 5' ends with (y-P)ATP using polynucleotide kinase as described elsewhere (7) . DNA strand separation and sequence analysis were performed according to Maxam and Gilbert (8) .
The following p e c u l i a r i t i e s , which became manifest during sequence analysis of the 26S rRNA gene, have to be mentioned. Our DNA sequence predicts recognition sites for Tacjl at the positions 883, 1524 and 2756 which however are not cleaved by this enzyme. In a l l three cases the TaqI s i t e partly overlaps a Sau3AI cleavage site as follows: TCGATC. I t is known that the A-residue in the sequence GATC i s methylated in £. coli K12. Therefore TaqI w i l l be unable to cleave this s i t e . The EcoRII s i t e at position 1613 gives rise to a 'blank' in the sequence ladder due to a methylated C-residue. The sequence between position 1667 and 1674 was reproducibly read in the 'S' strand as ( g a j^t ) a n d i n t n e ' C < s t r a n d a s ( GGGACCT^ I n b o t h r e a d i n 9 s C-residues were apparently obscured for unknown reasons. We propose the following sequence: 6
Both strands were sequenced for the major part of the gene and sufficient overlap between the separate gel readings was obtained, except for the restriction sites f o r Hjnfl at 2122 and f o r EcoRI at 2531 and 2898.
RESULTS AND DISCUSSION
We have determined the nucleotide sequence of the 26S rRNA gene of the yeast Saccharomyces carlsbergensis. Fig. 1 shows a map of the ribosomal repeating unit. The sequence of 26S rRNA is contained within the EcoRI fragments A, F and E. The sequencing was performed by the chemical modification method (8) using the restriction sites indicated in Fig. 1 . S^ nuclease mapping and electronmicroscopic analysis of DNA-RNA hybrids have shown that the 26S rRNA does not contain an intron (4, 9) . Therefore the nucleotide sequence can be inferred directly from the DNA sequence; this sequence is presented in Fig. 2 . Comments on some minor ambiguities in the sequence and on some 'technical' peculiarities are given in the experimental section. The 5 ' -and 3'-terminal end of the 26S rRNA sequence were previously Strategy for sequencing of the 26S rRNA gene; only the restriction sites used for sequencing are shown. Sequence analysis was performed on either the 'S' strand (synonymous to RNA) or the ' C strand (complementary to RNA) as indicated by the arrows. The tips of the arrows indicate the points to which the gels were read. 
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There is substantial evidence that this sequence is representative of yeast 26S rRNA. Oligonucleotide sequence data of methylated sequences (see below) and long RNAase T,-generated products (unpublished data) a l l agree with the DNA sequence. In addition, we have isolated a 3'-terminal fragment of about 350 nucleotides using a-sarcin and determined an oligonucleotide map of this fragment (7) . These data are a l l f u l l y compatible with the DNA sequence. We are able to conclude that a-sarcin causes a cleavage between nucleotides 3025 and 3026 since the unique RNAase A generated oligonucleotide AG6AAC was found in the fragment instead of GAGAGGAAC.
Comparison of the yeast 26S rRNA sequence with that of £. coli 23S rRNA (13) does not reveal extended tracts of homology; the longest ones consist of 14 consecutive nucleotides. However, the overall homology in some stretches is as high as 85%, £.£. between position 2230 and 2290 and between position 2940 and 2970. Below we shall show that i t is much more appropriate to compare both structures on the basis of models of secondary structure since appreciable compensating base pair changes can be found in double-stranded regions.
Since this is the f i r s t complete sequence to be published for a eukaryotic large subunit rRNA i t can only be compared with parts of the sequences of other eukaryotic rRNA's. Previously we already noted a high degree of sequence conservation between the 5 ' -and 3'-terminal sequences of yeast 26S and Xenopus laevis 28S rRNA (7, 10) . In addition there is a significant sequence conservation of the region from position 2180 to 2410 between yeast, Xenopus and Tetrahymena, as was previously-noted for the l a t t e r two by Gourse and Gerbi (14) . This region encompasses the flanking sequences of the introns in rDNA of Tetrahymena (15) .
Eukaryotic rRNAs are extensively modified by methylation and pseudouridylation. Yeast 26S rRNA contains 43 methyl groups (16), of which 37 are linked to the 2'-0 of ribose moieties and 6 to bases; in addition the molecule contains 36-37 pseudouridines (17). These modified nucleotides can be located now by comparing a s u f f i c i e n t l y long nucleotide sequence around the site of modification with the total sequence in Fig. 2 . To this end methylated oligonucleotides were isolated from both RNAase T,-and RNAase A-generated digests after two-dimensional fractionation and sequenced. Experimental details w i l l be published elsewhere. Table I summarizes our present knowledge of the methylated sequences in 26S rRNA. In many cases unique matching was observed with the gene sequence. This allowed us to locate 23 methyl groups with certainty and another 7 tentatively. The relevant positions are given in Table I and the distribution along the chain is presented in Fig. 3 , as well as the position of 4 ^-residues: one in the highly conserved sequence Um-Gm-<|i (position 2920) and three others clustered in a long RNAase T,-generated oligonucleotide (c_f. no. 88 in ref. 17) around position 1040. Fig. 3 confirms the general notion that the methylated nucleotides are distributed non-randomly along the RNA chain and clustered to a certain degree. Similar to Xenopus 28S rRNA (18,19) the 5'-terminal portion (up to position 600 in yeast) is very poorly methylated. In yeast also the 3'-terminal 350 nucleotides apparently lack any modified nucleotide (7). Significant clusters of methyl groups are present around position 2260 and around position 2850. Many of the methylated sites in the yeast sequence apparently have been conserved in Xenopus 28S rRNA, as judged from the partial sequence data and mapping data of Maden (19) . The same conclusion can be drawn for the small subunit rRNA (3, our own unpublished data). Secondary structure of yeast 26S rRNA In Fig. 4A -E we present a model of the secondary structure of yeast 26S rRNA based upon the assumption that the main features of i t s structure have been conserved throughout evolution as is the case for 5S rRNA (21) and 16S rRNA (22-24). Therefore we constructed a secondary structure for yeast 26S rRNA f i t t i n g best with the possible secondary structures of £. coli 23S rRNA, maize chloroplast 23S rRNA and mouse and human mitochondrial 16S rRNA (25). Similar possible long-range base pairings as in Ji. coli 23S rRNA can be found in the yeast rRNA sequence; therefore we can divide the molecule into 7 domains. These domains can be folded in an identical manner as the £. coli structures with the following general characteristics: i ) sequence conservation is present primarily within the single-stranded regions of the structure; i i ) the double-stranded regions exhibit a high incidence of compensating base-pair changes; i i i ) the extra length of the yeast sequence (about 640 nucleotides) results from a number of 'insertions' of varying length, which General legend to can be folded as separate stem-loop structures, in most of the domains. On the other hand, the 5'-terminal sequence of 5.8S rRNA allows a strong basepairing with a region around position 400 in 26S rRNA, much stronger than with the 3'-terminal sequence of 26S rRNA as was f i r s t proposed by Cox and Kelly (26) . I t is generally believed that the 5'-and 3'-terminal nucleotides of £. coli 23S rRNA are base-paired. Therefore, i t is of interest to note that the nucleotides involved in this interaction are lacking at the ends of their eukaryotic counterparts, viz, the 5'-end of 5.8S rRNA and the 3'-end of 26S rRNA, respectively ( Fig. 4A and 4E) . However, the 5'-end of 5.8S rRNA and the 3'-end of 26S rRNA may s t i l l be in close proximity and a base pairing between their flanking spacer sequences in the ribosomal precursor RNA may occur as suggested in our processing model (10) . Only a small insertion can be observed in the yeast RNA structure, again at the same position where a short insert can be found in maize chloroplast RNA.
The integrity of the secondary structure of this domain is probably required for ribosome a c t i v i t y . An important role of domain I I I is indeed suggested by the observation that domain I I I of E_. coli 23S rRNA contains the binding site for protein L 11 and probably is the target for thiostrepton (E. Clundliffe, personal communication). Fig. 4C : Several alternative structures have been proposed for the central part of domain IV of IE. coli 23S rRNA, but none of them f i t s with the sequence of yeast 26S rRNA. Therefore, either the secondary structure of this part of the large rRNA varies from one species to another, or none of the various alternative structures proposed for this part of the £. coli RNA is correct. Whether a common secondary structure for this region of the large rRNAs can be formulated as yet is currently under investigation.
Concerning the rest of domain IV (shown in Fig. 4C ), nearly a l l the hairpin structures proposed for E_. coli RNA can be formulated for yeast RNA too. The l a t t e r RNA has an additional hairpin structure of about 80 nucleotides. Fig. 4D : Domain V of yeast 26S rRNA is very similar to the corresponding domain of £. coli 23S rRNA apart from an insertion of 60 nucleotides at a site where, in contrast, a deletion can be found in maize chloroplast 23S rRNA. A s t r i k i n g conservation of the primary structure is observed in both the stem and the loop of the smallest hairpins and, as w i l l be discussed below, these hairpin loops contain modified nucleotides. Domain VI has been highly conserved in all large rRNAs sequenced so far. A number of important functions have already been attributed to this domain as there is binding of 5S RNA and presumably also of aminoacyl tRNA. Some nucleotides of this domain in E_. coli 23S rRNA have been shown to be located at the interface of the 70S ribosome (28). Gourse et aj_. (29) have shown that part of this domain (2430-2515) in Dictyostelium 26S rRNA has the a b i l i t y to b i n d £ . coli ribosomal protein L 1. I t is striking that both Dictyostelium and yeast large rRNA, but not Xenopus rRNA, lack the major part of the "upper stem" which participates in the L 1-binding site of E_. coli 23S rRNA (29,30). The available evidence makes i t likely that part of domain VI contributes to the ribosomal A-site. As indicated above, a-sarcin causes the cleavage of the bond between nucleotides 3025 and 3026 in a highly conserved loop in domain VII (see Fig. 4E ) just outside domain VI. Since a-sarcin inhibits the EF-T, dependent binding of aminoacyl tRNA (31) this region of domain VII may belong to the ribosomal A-site as well. has not yet been established). I t is interesting to note that the recognition site(s) for modifying enzymes have apparently been conserved here but that the final products are different. Domain VI is also very important from a point of view of methylation. 10 methyl groups have been assigned now to this part of the molecule and probably there w i l l be more. Also in Xenopus 28S rRNA this area, together with the sequence corresponding to domain V, is abundantly methylated (19). A l l , except three, methyl groups in 26S rRNA are introduced during or inmediately after transcription of the 37S pre-rRNA (32). Three methyl groups are introduced shortly before the conversion of 29S pre-rRNA in 26S rRNA and these three are located in domain VI: both copies of m U and the 2'-0 methyl groups at the G of the universally conserved "Um-Gm-41-hairpin" (33). Both m U's are located according to Fig. 4D in singlestranded loops at positions at or very near to the interface of the ribosome according to studies of £. coli 50S and 70S particles (28). These late methyl ati ons may contribute directly or indirectly to the appropriate conformation of the putative ribosomal A-site. The secondary structure model does not allow a clear answer as to what is the function of the primary methylations. The 2'-0-methyl groups occur in both single-and double stranded regions. However, they are clustered to some extent mainly in the evolutionary conserved regions of the rRNA (18, 19) ; this stresses the possibly important role of these posttranscriptional modifications, in processing and/or ribosome function. Evolution of the large subunit rRNA
Comparison of the sequences in Fig. 2 with the one of £. coli 23S rRNA shows that the extra length of yeast 26S rRNA comprises about 640 nucleotides. In Fig. 5 we i l l u s t r a t e that this expansion is accounted for mainly by 9 insertions, distributed along the whole sequence whereas a few very small portions of E_. coli 23S rRNA are apparently deleted in the yeast rRNA.
I t is noteworthy that the additional sequences in yeast 26S rRNA apparently are not inserted at random, but rather at specific positions. As mentioned above, several of them are found in the same positions where maize chloroplast 23S rRNA has either an insertion or a deletion. Furthermore, at almost a l l positions where the yeast 26S rRNA contains an insertion, a deletion can be observed in mammalian mitochondrial rRNA (25, 27) . In other words, 9 regions of the large rRNA can be either reduced or increased in size without altering the basic mechanism of protein synthesis.
All intervening sequences detected up to now in eukaryotic large rRNAs are located in regions belonging to either domain V or domain VI (25). This fact, together with the present data showing that the yeast 26S rRNA contains in this region (between nucleotides 2120 and 2990) only a very small insertion compared with £. coli 23S RNA, reinforces the idea that the structural integrity of domains V and VI is essential for ribosome function.
As discussed previously (10, 25 ) the spacer sequence between 5.8S and 26S rRNA in the precursor can be regarded as a pseudo-intron. Possibly, also this pseudo-intron has to be removed from the rRNA for functional reasons. But since the duplex structure that can be formed between 5.8S rRNA and 26S rRNA has a high s t a b i l i t y , there is no need for a covalent linkage between the 3'-end of 5.8S rRNA and the 5'-end of 26S rRNA.
Gerbi and her coworkers have sequenced the 3'-terminal half of 
